Non-steroidal anti-inflammatory drugs (NSAIDS), such as ibuprofen, are widely used over-the-counter drugs to treat arthritis, but they are often associated with side effects. Herbal medicines have been used to treat various diseases such as arthritis, but the scientific profiles are not well understood. In this study, we examined, in comparison with ibuprofen, the inhibitory effects on various inflammatory markers of the most commonly used herbal medicines to treat arthritis, boswellia (Boswellia sapindales), licorice (Glycyrrhiza glabra), guggul (Commiphora wightii), and neem (Azadirachta indica). To elicit inflammatory response, we exposed mouse myoblast C2C12 cells to lipopolysaccharide (LPS). Tumor necrosis factor-alpha (TNF-) and monocyte chemotactic protein-1 (MCP-1), which are cytokines activated during an inflammatory response, were determined. The optimal non-toxic concentration was determined by exposing different concentrations of drugs (from 0.01 to 10 mg/mL). Cell death measurement revealed that the drug concentrations lower than 0.05 mg/mL were non-toxic concentrations for each drug, and these doses were used for the main experiments. We found that neem and licorice showed robust anti-inflammatory responses compared with ibuprofen. However, boswellia and guggul did not demonstrate significant anti-inflammatory responses. We concluded that neem and licorice are more effective than ibuprofen in suppressing LPS-induced inflammation in C2C12 cells.
More than 50 million people in the United Sates have some form of arthritis [1] . Among them, more than 40% or 21 million of them report missing work days or losing effective work productivity due to arthritis [2] . In addition, they report a decrease in quality of life due to pain and decreased mobility [1] . Inflammation is the principal mechanism that results in pain, joint stiffness and ultimate joint damage in arthritis. There are a number of medications that can be used for arthritis depending upon an individual's responsiveness to a specific drug, a drug's potential side effect profile, and the overall severity of the arthritis itself. Non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen (propionic acid derivative), is the most commonly used medication to treat milder forms of arthritis. Although the safety profiles of NSAIDs are generally good, use of NSAIDs is limited due to the associated common complication of the gastrointestinal side effect of bleeding.
Herbal medicines have been widely used for thousands of years around the world for a number of diseases, particularly in Eastern cultures. The scientific profiles however, are not well understood and there is a lack of comparative scientific analysis of these herbal medicines. It is possible that such a rustic means could be more effective in blocking inflammation than commonly used Western medications. Several herbal medicines have been shown to be effective in treating arthritis [3] , but their anti-inflammatory effect in comparison with NSAIDs has not been clearly examined.
In this study, we examined the anti-inflammatory effects of four commonly used herbal medicines: boswellia (Boswellia sapindales), licorice (Glycyrrhiza glabra), guggul (Commiphora wightii), and neem (Azadirachta indica) at a cellular level. Their comparative anti-inflammatory effects, as determined by the mRNA expression of inflammatory markers, TNF- and MCP-1, were evaluated in comparison with ibuprofen, which is one of the most commonly used over-the-counter NSAIDS in the U.S.
Our initial goal was to determine the toxicity level of neem, licorice, boswellia, guggul, and ibuprofen and determine the dosages that would be optimal to be used for the main experiment. We used C2C12 cells and exposed them to six different concentrations ranging from 0.01 mg/mL to 10 mg/mL. We used Trypan Blue exclusion assay to determine the cell viability. The cell deaths, as expected, were most prominent at the highest concentrations, 5 mg/mL and 10 mg/mL. For concentrations between 0.1 mg/mL to 1.0 mg/mL, there were concentration dependent cell deaths in most of the drugs with all the drugs showing a significant increase in percentage of cell death from 0.5 mg/mL. The two lowest concentrations, 0.01 mg/mL and 0.05 mg/mL, showed no significant toxicity compared with the control cells ( Figure 1 and 2). Based on this experiment, we used 0.05 mg/mL and 0.01 mg/mL as high and low doses, respectively, since there was no significant toxicity compared with the control group at these concentrations in all groups. Figure 1 : C2C12 myoblast cells exposed to either control or 10 mg/mL of guggul. Most of the cells are dead at this dose due to toxicity. Lipopolysaccharide (LPS) is an endotoxin found in the outer membrane of Gram-negative bacteria. Gram-negative bacteria have been shown to elicit strong inflammatory responses in cells and animals [4] . LPS at 1 g/mL was added at the same time as the drugs, and the mRNA expression of TNF- and MCP-1, which are well-known markers of inflammation, were subsequently measured to determine the degree of inflammation and the effectiveness of the anti-inflammatory effect of the drugs. First, we determine the timedependent expression of TNF- in response to LPS treatment. We found that there was an increased expression of TNF- as early as 1 hour that gradually increased, peaking at 24-48 hours ( Figure 3 ). Subsequently, we used 24 hour exposure of LPS in our experiments. We did not observe any significant cell death associated with LPS at 1 g/mL after 24 hours.
We found that LPS exposure induced significant activation of both TNF- and MCP-1 expression after 24 hours in control groups. Exposure of drugs only at the high dose (0.05 mg/mL) revealed significant increased expression of TNF- in guggul and boswellia, but not in ibuprofen, licorice and neem (Figure 4 and 5A). The LPS-induced, TNF- expression was not significantly suppressed at either low or high doses of guggul and boswellia. As for ibuprofen, there was no significant activation of TNF- in the drug only group.
However, LPS-induced TNF- activation was not significantly attenuated by either low or high doses of ibuprofen. This suggests that ibuprofen at these doses did not significantly block TNF- activation. Licorice and neem showed no significant activation of TNF- in the drug only groups. In comparison with other drugs, licorice and neem showed effective suppression of LPS-induced TNF- activation at both low and high doses.
LPS-induced MCP-1 expression was very robust in the control vehicle treated cells with an approximately 3.5-fold increase in MCP-1 expression. Exposure to drugs only showed significantly increased expression of MCP-1 in guggul and ibuprofen (Figure 4 and 5B). There was a further increase in LPS-induced MCP-1 in the guggul group that was not blocked by either high or low concentrations of guggul. Boswellia also failed to block LPSinduced MCP-1 activation. As for ibuprofen, there was induction of MCP-1 expression with ibuprofen only, and a variable effect on LPS-induced MCP-1 suppression. Licorice and neem, as with TNF-, showed no significant increase in MCP-1 expression in drug only groups compared with the control group. These drugs also demonstrated effective suppression of LPS-induced MCP-1 activation. Of note, MCP-1 activation was variable with ibuprofen, suggesting that TNF- rather than MCP-1 is a better inflammatory marker for ibuprofen.
To confirm further our findings, we determined protein expression of ERK and phosphorylated ERK (p-ERK), which indicated activation of ERK activity.
ERK expression is known to be activated by inflammatory stimuli [5] . We found that LPS significantly activated pERK/ERK protein expressions in LPS Anti-inflammatory effects of herbal medicines Natural Product Communications Vol. 9 (9) 2014 1353 Figure 4 : Representative gel electrophoresis images of anti-inflammatory effect of TNF- and MCP-1 RNA expression on different drugs and control. 18s was used as an internal loading control. C2C12 myoblast cells exposed to either control or 10 mg/mL of guggul. Most of the cells are dead at this dose due to toxicity exposure for 24 hours ( Figure 6 ). The treatment with guggul and boswellia did not block LPS activation, but further increased the expression. Ibuprofen treatment was able to decrease the ratio, although not significantly. The Licorice and Neem treatments after LPS significantly lowered the LPS-induced pERK/ERK ratio.
To confirm whether our data are consistent between different cell types, we used HEK-293 human embryonic fibroblast cells to confirm our results for neem and licorice, which showed the greatest inhibition of inflammation markers. We also used MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide] assay, instead of the Tryphan Blue exclusion assay, to determine cell viability to confirm that the cell death assays using different methods are also consistent. LPS exposure induced significantly decreased cell viability ( Figure 7A ). As previously observed using C2C12 cells via Tryphan Blue exclusion assay, licorice and neem inhibited LPS-induced cell death at a low dosage (0.01 mg/mL) as determined by MTT assay (Figure 7B ). In addition, there was significant activation of both mRNA expression of TNF-α and MCP-1 in HEK-293 cells exposed to LPS ( Figure 7B and 7C) . Again, consistent with our previous observation with C2C12 cells, licorice and neem significantly blocked LPS-induced activation of TNF-α and MCP-1 expression suggesting that the anti-inflammatory effect of licorice and neem are observed in different cell types. In this study, we compared the anti-inflammatory effects of ibuprofen with boswellia, licorice, guggul and neem, the most widely used herbal medicines for arthritis. We found that neem and licorice showed robust and more potent anti-inflammatory cytokine response in vitro compared with ibuprofen. However, boswellia and guggul did not demonstrate significant anti-inflammatory cytokine response. With increasing popularity, it is imperative to define further the scientific profile of these herbal medications. These findings suggest that licorice and neem could either replace or supplement the anti-inflammatory effects of ibuprofen at the cellular level.
The beneficial properties of neem and licorice in Asia and Africa have been recognized for many years. Neem products are derived from various components of the neem tree (leaf, fruit, trunk, bark and oil). Compounds have been isolated with diverse chemical structures and biological effects [6] [7] [8] [9] [10] [11] . Generally, the neem compounds have been categorized into two major classes, isoprenoids and non-isoprenoids.
Recognized medicinal and biological activities of neem compounds include anti-inflammatory, anti-atherogenic, anti-arthritic, antipyretic, anti-oxidant, antiproliferative, hypoglycemic, anti-gastric ulcer, spermicidal, antifungal, antibacterial, diuretic, anti-malarial, anti-HIV, antitumor, and immuno-modulatory. Through the apoptotic pathway, recently there have also been reports of activation of caspase 8 and 9 in tumor cells [12] . Our experiment shows that the antiinflammatory effect of neem may be dose related and there may be effects on multiple arms of inflammation such as TNF- and MCP1, as well as previously reported cytokines (IL-10 and 12), chemokines, lymphocyte mitogens, and NOS [13] [14] [15] .
Licorice (glycyrrhiza) root is the dried and ground rhizome and root of Glycyrrhiza glabra or other species of Glycyrrhiza. Licorice has long been used worldwide as an herbal medicine, dietary supplement and natural flavoring agent. Recognized medicinal protective effects of licorice have been used to treat peptic ulcer, hepatitis C, and pulmonary and skin diseases [16] . Other known effects include anti-inflammatory, anti-viral, antimicrobial, antioxidant, dental-protective, cardio-protective, neuro-protective, anti-tumor and immune modulation. A large number of components have been isolated from licorice including triterpene saponins, flavonoids, isoflavonoids and chalcones with glycyrrhizic acid normally considered to be the main biologically active component [16] . Of interest to this study, the anti-inflammatory effect of roasted licorice extracts obtained by ethanol on lipopolysaccharideinduced inflammatory responses in murine macrophages showed that roasted licorice may be a useful therapeutic approach to various inflammatory diseases [17] . More recently, anti-inflammatory effects of raw licorice and roasted licorice extracts on TPA-induced acute inflammation and collagen induced arthritis in a mice model reported that unroasted and roasted licorice both showed protective effects against both acute and chronic inflammation, including rheumatoid arthritis [18] . Roasted licorice may inhibit the acute inflammation more potently than raw licorice.
Boswellia extract and ketoprofen have been examined for effects on glycosaminoglycan metabolism in an animal model [19] . This study Anti-inflammatory effects of herbal medicines Natural Product Communications Vol. 9 (9) 2014 1355 showed that boswellia significantly reduced the degradation of glycosaminoglycan compared with the control, whereas ketoprofen caused a decrease in total tissue glycosaminoglycan content. A double-blind, placebo-controlled study showed that treatment with boswellia resulted in significant improvement in symptoms such as decreased pain and swelling, and increased range of motion (p<0.001) in osteoarthritis [20] , but no significant changes in rheumatoid arthritis patients [21] . This is comparable with our results that show boswellia not to be a prominent anti-inflammatory drug even at a cellular level. However, although we did not see significant inhibition of LPS-induced activation of inflammatory markers with guggul, other studies have shown suppression using guggulsterone in human middle ear epithelial cells and intestinal epithelial cells [22; 23] . It is possible that the original material used in the experiments (guggul extract vs guggulsterone) and the cell types examined may have resulted in contrasting results. Further studies are needed to clarify these discrepancies.
Ibuprofen could cause a disruption of glycosaminoglycan synthesis, accelerating articular damage in arthritis [24] . However, it inhibits the cyclooxygenase (COX), and COX2 inhibitors, such as Celecoxib and Rofecoxib, are associated with cardiovascular and cerebrovascular dysfunction [25, 26] . In addition, they are associated with gastrointestinal side effects, especially with recurrent use.
Thus, limiting the uses of NSAIDS have significant clinical implications. Our study shows that licorice and neem, both known to be safe herbal medications, could be potentially used in place of NSAIDs with relatively decreased possibility of side effects. We hope that our results can serve as a basis for further study on neem and licorice, and improvement in the understanding of their medicinal use.
Experimental

Materials:
The following materials were obtained from the corresponding vendors: guggul (Himalaya Herbal Health Care), licorice (Nature's Way, Lexington, NC), neem (Nature's Way, Lexington, NC), boswellia (Nature's Way, Lexington, NC), ibuprofen (RiteAid, Lexington, MA), LPS (Sigma-Aldrich, St. Louis, MO), p-ERK and ERK antibody (Santa Cruz Biotechnology; Santa Cruz, CA). All cell culture media, antibiotics, and sera were purchased from Invitrogen (Invitrogen Life Technologies, Bethesda, MD). All herbal products were in fine powder forms in capsules, and were dissolved in PBS. Ibuprofen, which was purchased in capsule form, was ground into fine powder with a medicine grinder and dissolved in PBS. All drugs were readily soluble in PBS at 10 mg/mL (stock solutions). Subsequently, stock solutions were diluted to the final experimental concentrations with culture media.
Cell cultures:
These experiments were conducted with either C2C12 cells (mouse myoblast cells) or HEK-293 (human embryonic kidney) cells (American Type Culture Collection (ATCC), Manassas, VA). We used C2C12 myoblast cells because they have been shown to have robust activation of inflammatory markers after exposure to LPS [27, 28] . Previous study also showed that LPS plays a direct role in stimulating cytokine mRNA and protein expression in C2C12 cells in vitro and skeletal muscle in vivo [29] . In addition, arthritis is characterized commonly by muscle inflammation [30] . HEK-293 cells were used to confirm consistency of the results among different cell types. After cells were about 70-80% confluent, which was at about 48 h after plating, new media with the corresponding drug concentration were added. Cells were grown in Dulbecco's modified Eagle's medium (DMEM) with 25 mM glucose, 4 mM glutamine, and 1 mM pyruvate, supplemented with 10% FBS at 10% CO 2 and 37 o C.
Cytotoxicity analysis:
Cell cytotoxicity analysis was made using the Trypan Blue exclusion assay for C2C12 cells. Briefly, after 24 h of drug exposure, Trypan Blue solution (0.4% stock, Gibco Life Technology, Bethesda, MD) 0.1 mL/mL was added to the media. At high magnification, the total number of cells and blue stained cells (dead) were counted using a hemacytometer. At least 5 fields were counted and the data presented as number dead cells/total number of cells.
Cell viability of HEK-293 cells was determined using MTT [3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide] assay (Sigma, St. Louis, MO). Briefly, HEK cells were seeded in a 96well plate at a density of 1x10 4 cells/well and incubated for 24 h. The cells with ∼80% confluence were treated with or without LPS (1μg/mL) and/or various amounts of licorice and neem for 24 h. At an appropriate time point, each well was given 10 µL of MTT solution and was incubated for 4 h. Dimethyl sulfoxide (100 µL) was added to cells to dissolve the resulting formazan crystals. After 10 min of incubation, the absorbance at 570 nm with a reference wave length at 690 nm was measured using a microplate reader. The cell viability was determined by comparing the absorbance of treated cells with that of control cells.
Reverse transcriptase-polymerase chain reaction (RT-PCR):
Total RNA was extracted from the cells with TRIzol Reagent (Invitrogen Life Technologies, Bethesda, MD). The cells were scraped into 200 L of ice-cold TRIzol. Total RNA was solubilized in DEPC-treated RNase-free H 2 O and quantified in duplicate by measuring the optical density (OD) at 260 nm. The purity of RNA was assured by examining the OD 260 /OD 280 ratio. Five µg of RNA was reverse transcribed by using Superscript First-strand Synthesis System (Invitrogen Life Technologies, Bethesda, MD) and PCR was performed as described previously [31, 32] . Ribosomal 18S primers acted as an internal control and all RT-PCR signals were normalized to the 18S signal of the corresponding RT product to eliminate the measurement error from uneven sample loading and to provide a semi-quantitative measure of the relative changes in gene expression. The mRNA expression levels were analyzed by RT-PCR by following specific primers for inflammatory factors. TNF-α sense, 5'-CCTCAGCCTCTTCTCCTTCCT-3', TNF-α antisense, 5'-GGTGTGGGTGAGGAGCA-3′, MCP-1 sense, 5'-CCCCACTCACCTGCTGCTA CT-3', MCP-1 antisense, 5'-GGCATCACAGTCCGAGTCACA -3'.
Western blot analysis:
Western blot analyses were performed as described previously [31, 32] . Briefly, proteins were separated on 10% SDS-PAGE. The gel was then transferred to polyvinylidene fluoride (PVDF) membranes, and incubated overnight with primary antibody against either p-ERK or ERK. After incubation with horseradish peroxidase (HRP)-conjugated secondary antibody, the membranes were developed using Pierce ECL Western Blotting Substrate (Thermo Scientific, Rockford, IL). Bands on the X-ray films were quantified by NIH ImageJ software (NIH, Bethesda, MD).
Statistical analyses:
Comparisons between and within groups were conducted with unpaired Student t tests and repeated-measures ANOVA using Graph Pad Prism 5.0 (San Diego, CA), respectively. The number of samples for each experiment (N) is the number of wells that were repeated for each experiment group; these are provided in the corresponding figure legends. Probability (p) values of <0.05 were considered significant.
